High-intensity femtosecond lasers have recently been used to irreversibly disrupt nanoscale structures, such as intracellular organelles, and to modify biological functions in a reversible manner: so-called nanosurgery and biophotomodulation. Femtosecond laser pulses above the threshold intensity sufficient for reversible biophotomodulation can cause irreversible changes in the irradiated cell, eventually leading to cell death. Here, we demonstrated that cytosolic irradiation with a femtosecond laser produced intrinsic cascades of reactive oxygen species (ROS), which led to rapid apoptosis-like cell death via a caspase and poly (ADP-ribose) polymerase 1 (PARP-1) signaling pathway. We further showed that cells with enhanced mitochondrial fusion activity are more resilient to laser-induced stress compared to those with enforced mitochondrial fission. Taken together, these findings provide fundamental insight into how optical stimulation intervenes in intrinsic cellular signaling pathways and functions. U ltrashort-pulsed lasers including femtosecond-pulsed lasers can have greatly high intensity with relatively low average energy because of the extremely short pulse duration. Focused irradiation of high-intensity femtosecond laser can induce non-linear optical effects, such as multiphoton absorption and frequency doubling. As these non-linear phenomena can only occur in the tightly focused area, this reduces out-of-focus signals and has been applied in the field of biomedical imaging as multiphoton microscopy 1 . Recently, it has been reported that femtosecond laser pulses can be used to regulate biological functions, such as muscle contraction 2,3 , blood-brain barrier permeabilization 4 , cellular activation 5,6 , and gene transfection 7 , which is known as reversible biophotomodulation. Femtosecond laser stimulation within specific energy windows has been shown to induce the production of free electrons, also known as low-density plasmas, which can elevate intracellular Ca 21 levels 8 or transiently disrupt the integrity of the plasma membrane 7 .
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A high-intensity focused femtosecond laser pulses can induce highly reactive oxygen radicals also known as reactive oxygen species (ROS) in biological samples 8, 9 . ROS are involved in multiple cellular signaling pathways as well as various pathophysiological processes 10 . Most intracellular ROS are generated as byproducts of oxidative phosphorylation in the mitochondria, which play a vital role in activation of intrinsic cell death process by releasing proapoptotic proteins 11 . Although laser-induced ROS regulate biological function in a reversible manner 1,3 , they are also related to the laser-induced cytotoxicity 9,12 . The exact molecular mechanisms by which optical stimulation may induce cytotoxicity remain unclear, although membrane disruption has been proposed as one possibility.
Our group has recently been engaged in the development of new optical methods that can be used for reversible modulation of biological functions by utilizing femtosecond-pulsed lasers. We have demonstrated that laserinduced photobiomodulation can be mediated by laser-induced intracellular ROS 1,3 . We reported previously that femtosecond laser stimulation induces two distinctive responses in primary cultured smooth muscle cells, i.e., reversible and irreversible responses, depending on the energy delivered 3 . In the present study, focused femtosecond laser stimulation on the cytosolic area induced marked fragmentation of the mitochondrial network, membrane bleb formation, and rapid retraction of the plasma membrane, leading eventually to apoptosis-like cell death. We further showed that the intrinsic signaling molecules caspase family and poly (ADP-ribose) polymerase 1 (PARP-1) are involved in laser-induced cell death.
Results
Femtosecond laser pulses induce irreversible changes in irradiated cells. We investigated the mechanisms underlying the irreversible cytotoxic effects of femtosecond-pulsed laser irradiation using human epithelial carcinoma HeLa cells. As cellular responses to laser stimulation are mainly dependent on the irradiation laser energy, we fixed the laser output power at 1 W and observed cellular responses while changing the laser irradiation time from 1.96 to 196.83 ms. A femtosecond-pulsed laser was focused on #1 mm 2 of the cytosolic area, and the evoked intracellular Ca 21 signal was measured as a readout in the irradiated cell. Transient increases in Ca 21 level were reproducibly induced by repetitive laser stimulation, while repetitive Ca 21 waves were not observed in cells showing typical irreversible changes ( Fig. 1a ). After the initial wave of laser-induced intracellular Ca 21 signal returned to the basal level, we irradiated the adjacent cell with the same optical parameters as used in the first stimulation. We previously found that laser-induced Ca 21 increases can be propagated to neighboring cells via gap junctions 3 . The second laser stimulation induced another Ca 21 increase in the irradiated cells; however, the Ca 21 wave did not propagate to the cell that was initially irradiated with high-energy laser and showed an irreversible response (Fig. 1b ). The majority of responses were reversible in optical stimulation with an energy of 1 mJ, while the irradiation energy above 3 mJ caused mostly irreversible responses ( Fig. 1c ). These results collectively indicate that femtosecond laser pulses above a certain threshold can induce irreversible cytotoxic effects in the irradiated cells, resulting in non-responsiveness to further laser stimulation.
Morphological characteristics of irradiated cells showing irreversible changes. One of the hallmarks of irreversible changes was the punctuated pattern of fluorescent Ca 21 indicator in the cytosol. When cells were irradiated with lasers in the irreversible response range, the fluorescence aggregated in the intracellular membranous structures within a few minutes after laser stimulation ( Supplementary Fig. 1a ). As mitochondria play essential roles in intracellular Ca 21 regulation 13 , we confirmed that aggregated fluorescence was not due to selective Ca 21 uptake into the mitochondria by comparing mitochondrial morphology and Ca 21 indicator signals ( Supplementary Fig. 1a ). We found that mitochondria were significantly fragmented in the cells showing an irreversible response ( Fig. 2a and Supplementary Movie 1). Immediately after laser stimulation, mitochondrial fragmentation was initiated from the vicinity of the irradiated region to the whole cytosolic area in cells showing irreversible responses ( Supplementary Fig. 1b ). Considerable levels of mitochondria-specific indicators leaked into the cytosol in cells showing irreversible responses along with extensive mitochondrial fragmentation ( Supplementary Fig. 1c ). Such leakage may reflect the loss of mitochondrial membrane potential, suggesting that laser stimulation can affect the morphology and function of mitochondria.
In addition to changes in the mitochondria, rapid shrinkage of the plasma membrane was also observed in cells showing irreversible responses. Plasma membranes stained with the plasma membrane indicator CellMask showed rapid retraction within 3 min after laser stimulation ( Fig. 2b and Supplementary Movie 2). Moreover, membrane bleb formation was also observed during cell shrinkage ( Fig. 2c ). Mitochondrial potential loss, membrane retraction, and bleb formation are typical phenotypic characteristics of apoptosis 14 , and therefore we further investigated cell viability by adding propidium iodide (PI) to the culture medium. Only cells showing irreversible responses were stained strongly with PI ( Fig. 2d ). To confirm whether plasma membrane integrity is maintained throughout laserinduced cell death, 2 MDa-FITC dextran was added to the culture medium. The extracellular region showed bright fluorescence, and a distinct cell boundary was clearly observed on confocal microscopy ( Fig. 2e ). Membrane blebs were also negatively stained with 2 MDa-FITC dextran within 15 min after laser stimulation ( Fig. 2e ). The hydrodynamic size of 2 MDa-FITC dextran is 50 nm and that of the PI molecule is 5 nm. Therefore, these results indicate that the laserinduced irreversible response was accompanied by minimal loss of plasma membrane integrity in the irradiated cells (less than 50 nm). Next, we investigated whether laser-induced cell death has any deleterious effects on adjacent cells ( Supplementary Fig. 2a,b ). Although the irradiated cells shrunk and eventually died, adjacent cells showed normal patterns of growth and division. These observations indicate that femtosecond laser pulses induced highly selective irreversible responses limited only to the irradiated cells. We also found that femtosecond laser irradiation induced comparable cell death in various primary cells and cancer cell lines ( Supplementary Fig. 3 ).
Involvement of intrinsic ROS and signaling molecules in laserinduced cell death. We have previously reported that laser-induced ROS were involved in the increases in intracellular Ca 21 levels following laser irradiation 3 . High concentrations of intracellular Ca 21 are also known to induce cytotoxicity 15 . However, we found that inhibition of ryanodine receptors located on the endoplasmic reticulum using a pharmacological receptor antagonist ryanodine (EMD4Biosciences, USA), had little effect on laser-induced cell death, although the same treatment significantly blocked the laserinduced increase in intracellular Ca 21 level ( Supplementary Fig.  4a,b ). We also found that maximal intensity of Ca 21 indicator signal was similar in both directly irradiated cells which underwent eventual cell death and adjacent cells which remained alive ( Supplementary Fig. 4c ). Therefore, we considered laser-induced ROS but not Ca 21 to be the primary cause of irreversible changes.
To test this hypothesis, we used dihydroethidium (DHE), which is a ROS indicator that emits red fluorescence when oxidized. Only the irradiated cells with irreversible responses showed significant increases in DHE fluorescence ( Fig. 3a and Supplementary Movie 3). In cells showing irreversible responses, DHE fluorescence was initiated from the vicinity of the laser irradiation region and propagated to the nucleus ( Supplementary Fig. 5a,b ). There was no increase in DHE fluorescence in cells with reversible responses or non-irradiated cells, whereas the cells with irreversible responses clearly showed increases in DHE fluorescence after laser stimulation (Fig. 3b ). Based on these results, we presumed that there may be a specific threshold of ROS level that must be reached before cytotoxic effects occur.
In the presence of serum and sodium pyruvate within the culture medium, a higher laser energy was required to induce the same degree of cell death as in the experiment performed in the absence of serum and sodium pyruvate. We used culture medium free of serum and sodium pyruvate to exclude their antioxidant actions in the subsequent experiments. To test the effects of ROS on laser-induced dell death, cells were incubated with 25 mmol/L N-acetylcysteine (NAC), an antioxidant, for 30 min before optical stimulation. Treatment with NAC significantly reduced laser-induced cell death at an irradiation energy of 6.55 mJ, while the same treatment had no significant effect at an energy of 105.24 mJ ( Supplementary Fig. 6a ). These results indicate that laser-induced ROS are key molecules of cytotoxicity and that antioxidants can minimize laser-induced cytotoxic effects by eliminating laser-induced ROS.
We further investigated the signaling molecules involved in the laser-induced cell death process by targeting the caspase family and PARP-1, which are involved in apoptosis 16, 17 . We used Boc-Asp(Omethyl)-fluoromethyl-ketone (BocD-fmk), which is a nonspecific caspase family inhibitor, and 3-Aminobenzamide (3AB), which is a PARP-1 inhibitor. Pharmacological inhibition of the caspase family and PARP-1 significantly reduced the cell death ratio at an irradiation energy of 6.55 mJ (Fig. 3c ). However, the same treatment had no effect on cells exposed to femtosecond laser pulses at an energy of 25.61 mJ ( Supplementary Fig. 6b ). Cotreatment with BocD-fmk and 3AB enhanced the protective effects against femtosecond laser-induced cell death ( Supplementary Fig. 6c ). These results indicate that laser irradiation at an energy level of ,6 mJ induces cell death via the caspase and PARP-1 signaling pathway.
Role of mitochondria in laser-induced cell death. Although femtosecond-pulsed laser was focused on a cytosolic area of less than 1 mm 2 , the laser-induced cell death process was accompanied by mitochondrial potential loss and fragmentation throughout the whole cytosol. To determine the role of mitochondria in the laserinduced cell death process, we used a mitochondrial permeability transition pore (mPTP) blocker, cyclosporine A (CysA), and genetic modification using small interfering RNAs (siRNAs) against mitochondrial dynamics-related genes, Drp1 and Mfn1. To block mPTP, HeLa cells were incubated with 5 mg/L CysA for 45 min before optical stimulation. CysA significantly reduced laser-induced cell death at an irradiation energy of 6.32 mJ ( Supplementary Fig. 6d ), while the same treatment had no effect when cells were exposed to laser pulses at a higher energy. Comparable results were obtained when cells were treated with antioxidant or chemical inhibitors. At laser energy levels of ,6 mJ, chemical inhibitors showed protective effects against laser-induced cell death, while the same treatment had little effect when cells were exposed to laser pulses at a higher energy level.
Mitochondrial dynamics affected intracellular ROS level, and fragmented mitochondria are more susceptible to ROS cascades than elongated mitochondria 18 . To determine effects of mitochondrial dynamics on laser-induced cell death, we modified the mitochondrial network using siDrp1 and siMfn1 ( Supplementary Fig. 7a ). Altering the Drp1 and Mfn1 proteins significantly changed the morphologies of mitochondria into elongated and fragmented forms, respectively ( Supplementary Fig. 7b ). To obtain a homogenous optical path and extracellular conditions, we co-plated two different genetically modified cells into the same dish 48 h after siRNA transfection together with mito-GFP and mito-DsRed, respectively (Fig. 4a ). Down-regulation of Drp1 protected cells from laserinduced cell death; while inhibition of Mfn1 increased sensitivity against laser-induced cell death compared to scramble siRNA control ( Supplementary Fig 7c, d) . Although there were no significant differences in cell death ratio at an energy of 2.8 mJ (Fig. 4b) , we found that cell death ratio was significantly reduced in cells with elongated mitochondria at an irradiation energy of 12.4 mJ. Taken together, the result of chemical inhibitor and genetic modification experiments indicated that femtosecond laser irradiation induced cell death in a mitochondria-dependent manner.
Discussion
In the present study, we have demonstrated for the first time that brief irradiation of femtosecond laser pulses induce an apoptosis-like cell death in a mitochondria-dependent manner. Irradiation above a certain energy level generated ROS at the irradiated area, which were further amplified and then propagated through the whole cell ultimately becoming an irreversible response leading to cell death regardless of cell types. This is accompanied by phenotypic changes such as mitochondrial membrane potential loss, cell shrinkage and plasma membrane bleb formation. Indeed, we demonstrated that mitochondrial function is essential for laser-induced cell death. Laser irradiation induced mitochondriarelated changes, i.e., mitochondrial fragmentation and potential loss, ROS amplification, and activation of caspase and PARP-1 signaling. One possible mechanism for ROS amplification is ROS-induced ROS release (RIRR), which is a process that accelerates ROS production itself via the mitochondrial network 19 . mPTP inhibition and elongated mitochondria had a significantly reduced laser-induced cell death ratio. mPTP is the process of outer mitochondrial membrane permeabilization that releases of several proapoptotic proteins from the mitochondrial intermembrane space, including cytochrome c 17 .
These data support that conclusion that laser-induced cell death depends on mitochondria.
The type of laser-induced cell death described here is distinct from apoptosis, necrosis, and autophagy. It shares some common morphological characteristics and cellular signaling pathways with apoptosis. While apoptosis exhibits cell death phenotypes several hours after the apoptosis-initiating stimulus 14 , cell death caused by femtosecond laser irradiation shows morphological changes within several minutes after laser irradiation. Necrosis is a form of caspase-independent cell death associated with plasma membrane rupture, and autophagy forms double membrane-enclosed vesicles 20 . However, laser-induced cell death does not show any morphological or chemical similarities with necrotic death or autophagy. An iron-depedent form of nonapoptotic cell death called ferroptosis was recently discovered. The mechanisms underlying ferroptosis remain unclear, but it is related to iron-dependent accumulation of intracellular ROS and mitochondrial damage 20 . In terms of intracellular ROS surge and mitochondrial damage, ferroptosis shows some similarities with laser-induced cell death. However, ferroptosis has been reported to occur regardless of caspase activation, while we found that caspase signaling is involved in laser-induced cell death. Although further investigations are required to define the type of laser-induced cell death process, it shares some common features with apoptosis and ferroptosis.
Previous studies have indicated that femtosecond laser irradiation can induce cell death by ROS production 9,12 or plasma membrane disruption 21 . However, these studies focused on the effects of ultrashortpulsed laser exposure on biological samples without considering intracellular events. In contrast, our results clearly showed that femtosecond laser pulses focused on less than 1 mm 2 for several hundred microseconds are sufficient to trigger intracellular cell death signaling pathways via localized ROS production in the irradiated region. Thus, femtosecond laser pulses likely intervene in ROS amplification and downstream of ROS accumulation. These findings will be valuable for future studies of various ROS-mediated intracellular signaling pathways at the single-cell level. In conclusion, we have shown that femtosecond laser irradiation induces apoptosis-like cell death in a mitochondria-dependent manner only in irradiated cells without any deleterious effects on adjacent cells. Femtosecond laser pulses produce excess intracellular ROS in cells, with an irreversible response, leading to mitochondrial damage and ultimately apoptosis-like cell death. Our chemical inhibitor experiments and mitochondrial dynamics experiments indicated protective effects of laser irradiation at moderate energy, but there were no protective effects at high energy. Further studies are required to elucidate why chemical inhibitors and genetic modifications did not show protective effects at high energy. Even though we also showed that laser-induced cell death is calcium-independent process, further studies are required to clarify roles of Ca 21 in laserinduced cell death. Although further studies are needed, we showed, for the first time, that femtosecond laser pulses intervene in the intrinsic cellular signaling pathway without chemical agents or genetic modification.
Methods
Cell Culture. HeLa cells were maintained in Dulbecco's Modified Eagle's Medium(DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 4500 mg/L D-glucose, L-glutamine, 110 mg/L sodium pyruvate, sodium bicarbonate, 1000 U/L penicillin, and 100 mg/mL streptomycin. For antioxidant drug experiments, HeLa cells were incubated for 12 h in DMEM complete medium without FBS and sodium pyruvate.
Genetic modification. To investigate the relationship between mitochondrial dynamics and laser-induced ROS, proteins involved in the mitochondrial fusion and fission process (Mfn-1 and Drp1) were depleted using small interfering RNAs (siRNAs). The following RNA oligonucleotides were used: human Mfn1: 59-GUGUAGAUUCUGGUAAUGA-39, human Drp1: 59-GAGGUUAUUGA-ACGACUCA-39; negative control 59-CCUACGCCAAUUUCGU-39. The siRNAs were transiently transfected using Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. One day after transfection, media were changed and cells were grown for an additional 48 h before the experiments. To study the roles of mitochondrial morphology in laser-induced cell death, each sample was transiently cotransfected with target siRNA and mito-green fluorescent protein (Mito-GFP) or mito-red fluorescent protein (Mito-DsRed), respectively. Two different protein knockdown cells were co-plated into the same culture dishes to achieve the same optical and culture environmental conditions.
Imaging. We used confocal and two-photon laser scanning microscopy (LSM510; Carl Zeiss) with femtosecond pulse laser (Chameleon; Coherent) and a water emersion objective lens (403, 0.8 numerical aperture). For cellular imaging, we used a PDMI2 Open Perfusion Micro-Incubator (Harvard Apparatus) with the medium temperature maintained at 37uC and 5% CO 2 .
Laser irradiation. The optical path and laser source for optical intervention were the same as those used in the two-photon fluorescence imaging. For the in vitro study, we selected a target region of ,1 mm 2 in the cytosol of a HeLa cell. The irradiation laser output power was fixed at 1 W, and the duration was changed from 1.96 to 196.83 ms to adjust the average stimulation energy. To confirm laser-induced cell death, we stained cells with cell impermeable indicators PI and DAPI at 15 min after laser stimulation and observed the fluorescence signal.
Chemicals. For calcium staining, HeLa cells were loaded with 10 mmol/L of the acetoxymethyl form of Fluo-4 (Fluo-4AM; Sigma) at 37uC for 40 min in medium and then washed twice with medium. For mitochondrial staining, the cells were loaded with 200 nmol/L MitoTracker (Invitrogen) at 37uC for 5 min in medium and then washed twice with medium. To confirm cell death caused by laser stimulation, 1 mg/L propidium iodide (PI; Sigma-Aldrich) and 5 mg/L DAPI (Invitrogen) were added to complete DMEM during the imaging experiment. For plasma membrane staining, the cells were loaded with 5 mg/L CellMask (Invitrogen) at 37uC for 15 min in medium and then washed twice with medium. To measure laser-induced ROS generation, 10 mmol/L dihydroethidium (DHE; Invitrogen) was added to medium immediately before laser stimulation experiments. To study the mechanism of cell death, cells were treated with 10 mmol/L 3-aminobenzamide (3AB; Sigma-Aldrich), which is a poly (ADP-ribose) polymerase 1 (PARP-1) inhibitor, for 1 h before the experiments, and 20 mmol/L Boc-Asp(O-methyl)-fluoromethyl-ketone (BocD-fmk; BioVision), which is a caspase family inhibitor, was used for pretreatment for 30 min before the experiments. For antioxidant experiments, 25 mmol/L N-acetylcysteine (NAC; Sigma-Aldrich) was added to culture medium 30 min before the experiments. For mitochondrial permeability transition pore (mPTP) confirmation, cells were pretreated with 5 mg/L cyclosporine A (CysA; Sigma-Aldrich), which is an inhibitor of mPTP, 45 min before the experiments.
Data analysis and statistical analysis. We used ImageJ for image processing and data quantification. Statistical analyses were performed using the GraphPad Prism software. Data are presented as means 6 SEM. Statistical significance of differences was analyzed using Pearson's chi-squared test. In all analyses, P , 0.05 was taken to indicate statistical significance. www.nature.com/scientificreports SCIENTIFIC REPORTS | 5 : 8231 | DOI: 10.1038/srep08231
